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TOPIC: NDE ACTIVITY AT JP1,

Our speaker will review the NDB technology under development at the Jet Propulsion Lab (JPL).
Elmphasis  wil I he giwxr to Ultrrnsonic6 and applictil  ion of wnsrm  to space tw’hnology.  Further, the
efforts of JPL in techm~logy transfer  to the industry in the rirta of NDE will be coverwt,

ABOUT OUR SPEAKER: Dr, Yoseph  Bar-Cohen is the NDE Principtil  ]nvestigtitor  at Jc1
Propulsion bboratory (J PL). Dr. Bar-Cohtm has about 22 yems experience working on research  nnd
development of NDE methods for defects detos[ion and characterititiou and materials properties
determination. He reczived his Ph. D, in Physics from the HL4wew University of lerusalem  in 1979, HP
hrts numerous paperti, patenta, and prwmttitions al national and international  confertrices  rind he

u- pion~re~ the dev~lnpntent of the l~Y ~n~b waves and Prh bdmattering  methods for NDE Ot
composites. Dr. Bar-Cohen is also an Adjunct Profww  at the University of California, at Los hgcltis
(UCLA).



NEED FOR NDE OF COMPOSITES
.

“ COMPOSITE STRUCTURES CAN BE TAILORED SUPERIOR TO METALS

* DAMAGE TOLEIWNCE  IS CHALLENGED BY DEFECTS . COiMPLEX FAILURE
~MECHANISM AND LACK OF COMPREHENSIVE THEORY

* QUANTITATIVE NDE EMPLOYING IMBEDDED/ATTACHED/REMOTE
SENSORS ARE KEY TO THE USE OF MATERIAL FULL POTENTIAL

* ACTUATORS-SENSORS CAN MAKE SMART MATERIALS AND STRUCTURES
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JPL’S NDE MAJOR TOPICS

* METHODS OF DEFECTS DETECTION AhTD CHARACTERIZATION

* MATERIAL PROPERTIES DETERMIhTATION

* SENSORS FOR IN-PROCESS. IN-SERVICE. AND IN-FLIGHT MONITORING

* ESTABLISH PROCESS SPECIFICATIONS
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EF~ECl OF DEFECTS-.-—— -— —

PcRosm!

o DEGRADES MATRIX-DOMINATED PROPERTIES
c 1% POROSITY REDUCES STRENGTH BY 5% AND FATIGUE

LIFE BY 50%
e INCREASES EQUILIBRIUM MOISTURE LEVELS
e AGGRAVATES THERMAL-SPIKE PHENOMENA

EIUAF!

o DEPENDS ON STACKING ORDER AND LOCATION,
‘ FOR [00, +450) 900, -450]2s LAMINATE;

8,7% STRENGTtl REDUCIION DUE TO GAP(S) IN 0° PLIES
16,9% REDUCTION DUE TO GAP(S) IN 90° PLIES

P1 Y .WAV1.NEfiS

o STRENGTH LOSS CAN BE PREDICTED BY ASSUMING
LOSS OF LOAD-CARRYING CAP,4CITY DUE TO Tt!E
WAVINESS

o FOR 0° WAVINESS IN [O”,!50,900,- q~~zs LAMINATE,
STATIC STRENGTH REDUCTION 1S:
- 10% FOR SLIGHT WAVINESS
- 25% FOR EXTREME WAV?NESS

e FATIGUE~LIFE IS REDUCED AT LEAST BY A
FACTOR OF 10

o STATIC-STRENGTH REDUCTION UP TO 50%
o LOCAL DELAMINATION AT NOTCH
o STRENGTH REDUCTION IS SMALL FOR SIZES EXPECTED

IN SERVICE
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REFERENCE: BOEING STUDY BETWEEN 1982 TO 1987, “DAIMAGE TOLERANCE OF
COMPOSITES”, AFWAL-TR-87-3030  VOL. I or AD-B144-937  “I)EVELOP.MENTOFM Q~NfENTS
AND COMPLIANCE DEMON~RATION”, page 24.
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DAMAGE IN Gr\Ep LAMINATE
IMPACT

.

DATA HAS BEEN
ROTATED IN A
MANNER THAT
ALLOWS A
SIDE VIEW

WUW212!1
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SCHEMATIC REPRESENTATION OF

EXPERIMENTAL SET-UP USED TO MEASURE

BACKSCATTERING FROM COMPOSITE SAMPLES

ACOUSTIC BEAM
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WHERE :

a- ANGLE OF INCIDENCE

~ - ANGLE BETWEEN Y-AXIS AND THE TRANSMITTER

BEAM TRAJECTORY ON THE LP’ ? PLANE



. .
‘:. -
. .

. .
, -.“-.. . .

-..
—d’
-’.. /.. .
,’----
. .

-.-.. .. .---
. .
-.
. .
-.. .

. . .
..”
.-

..-
. .
..-

. ..

-..-..
-.
.-: .
.<.

.
0
,-. .

.,

-“.

“ ..
.

-. .
.“ “. >-.
-.. ,

l_l

-.. :.-.. . .

. . .

.;
-.

--- ...-

,. .-,

.-,--
-,

-T- ./- . .

“-?-..- -

-..,.-

tet

8$1

Efzl

.

m
z
o

E--

c
0
e

L
0

. . .
---
.-

+
m y 7 ? ?8

t

(~P) 3(IfllIldliW 3A IlW13il
.

.



,,.-. .:—
-

‘. -1
—.

J
, . .

.
>..\.,
-. .
4

- ’
..--4

. - . .
—

-:>
> . -

— .
. - .
-.
,. .

>- !

. . . .
.,-..—.—. .,— .

.4

.T
-w, .--— .
.-z
‘_ L.,

- -’. .

.,.. . .

.

--

----.

.

. .’. .. .
-.

.. ..I

>-
—J. .----

--

.;.

.,
.

●

0

e /

● “
0

(up) 3t!(ll17d!!v  3AW13tl .

m

●

?*



BACKSCAITERING FROM GRAPHITE /EPOXY COMPOSITE [0°, -15:

2
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+45”, -Go”, +75°, 90°]~. ANGLE OF INCIDENCE WAS 40°.
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POLAR BACKSCAITERING IMAGES OF
FIBER ORIENTATION IN GRAPHITE/EPOXY

LAMINATES TESTED AT 5 MHz AND
(x = 30 DEGREES

[0, 90,-45, +45] ~ [0] 8
vu. s

I
0.295
0.6W
C!.g  ~d
1 .?23
1.532
1.B2~
2.’51
2.WO
2.7C9
3.079
3.38.9
3.697
a .’JC16
4.316
4.625

G03!I  ! ~



FIBER MISALIGNMENT IN GRAPHITE/PHENOLIC MOLD USING
BACKSCATTERING IMAGING. (THE CORNER INDICATIONS ARE
SAMPLE HOLDERS.)
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GEOMETRY OF THE MULTILAYERED LAMINATE PROBLEM (BOTTOM) AND
ORIENTATION OF THE Mth LAMINATE RELATIVE TO THE INCIDENT AND

REFLECTED RAYS
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THEORETICAL AND EXPERIMENTAL
DISPERSION CURVES FOR GRAPHITE/EPOXY

UNIDIRECTIONAL LAMINATE TESTED
ALONG THE FIBERS

ASSUMED ELASTIC PROPERTIES

4

2

o 1 1 1 1 [ 1 I I ! I I
012345678 910

FREQUENCY x THICKNESS (MHz x mm)

b.
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3
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0

INVERTED ELASTIC PROPERTIES

*---- , T

0 1 2 3 4 5 6 7 8 9 10 11 12 13

FREQUENCY x THICKNESS (MHz x mm)

lPAC)  89342%  3
LVUY.23  2



E II ( G P a )
E22 (GPa)
G12 (GPa)
& (GPa)

1)12

p (gin/cc)
Cll (GPa)
C22 (GPa)
C12 (GPa)
C23 (GPa)
C55 (GPa)

TABLE 1: MATERIAL PROPERTIES

INITIAL GUESS

156.75
10.41

7.07

3.50
0.31
1.58

160.73
13.92
6.44

6.92
7.07

SYSTEMATIC INVERSION

157.77
10.82
7.982

3.6367
0.3374

1.578
162.729

14.527
7.359
7.25

7.982

CD’60307



Di~PEi3SKlN CW13VES FOR GRAPHITE/EPOX’{
AS4/3501 -6 [0]8

2
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ORIENT  O DEG

0 2 4 6 8 10 12 14 16 18

FREQUENCY (MHz)

8 1

4 .;

-1

0 ~ ‘ ;’~’;’l ”i”’--~r--’’’’ r’-”,-17 , . ,-. .TT+T+  ~,

0 2 4 6 8 10 12 14 16 18
FREQUENCy (hl~z)

(5 - i

!,

(T,.,;. : :,., , :,,,;,.,,:.,,. ,.-r.--, 4.. ,

0 2 4 6 8 10 12 14 15 ~~

FREQUENCY (h!!iZ)

LAMINATE PROPERTIES

E,l (GPa) 157.77Q0

E22 (GPa) 10.8200

G12 (GPa) 7.9820

G23 (GPa) 3.6367

VIZ 0.3374

p (gin/cc) 1.5780

C 1 l  (GPa) 162.7290

C 2 2  (GPa) 14.5270

C 1 2  (GPa) 7.3590

C 2 3  (GPa) 7.2500

C55 (GPa) 7.9820



DISPERSION CURVES FOR GRAPHITE/EPOXY [0, 90]2S

PHASE VELOCITY
(km/SEC)

PHASE VELOCITY
(km/SEC)

PHASE VELOCITY
(km~SEC)

ORIENT O DEG
8

6

4

2 PLY PRC?PERTIES OVERALL LAMINATE
PROPERTIES

c)~
ORIENT 45 DEG

8

6

4

2
I

o:
l,,

,
f

(JRIENT 90 DEG
8

6

4

2

Oj  iJ L--4

o 4 6 8

FREQUENCY (MHz)

C,, = 162.73 GPa

C22 = 15.73 GPa

C12 = 7.36 GPa

C23 = 7.25 GPa

C55 = 7.98 GPa

[’ = 1.578 glcms

E,, = 157.8 GPa

E 2 2 = 10.82GPa

G12 = 7.98 GPa

V,z = 0.3375

V 23 = 0.4876

<Cll> = 88.62 GPa

<C22> = 88.62 GPa

<c=> = 15.73 GPa

<C12> = 7.35 GPa

<cf3> = 7.30 GPa

<c&> = 5.00 GPa

<C55> = 5.00 GPa

<CM> = 7.98 GPa

INTERFACE PROPERTIES

h = 7 Um

1>  = 1.2 g/cm3

u. = 2.1 kmkec

[) .0.95 km/see

00 EXPERIMENTAL DATA

— THEORETICAL DATA

.4 .-,..’. .



DISPERSION CURVES FOR GRAPHITE/EPOXY
[0, *45, 90]s

PHASE VELOCITY
(km/SEC)

ORIENT O DEG
8

6

4

2

I I
o 2 4 6

FREQUENCY (MHz)

PHASE VELOCITY
(km/SEC)

ORIENT 45 DEG
8

PLY Propert ies
ORIENT: 90 DEG

PHASE VELOCl~
(kmISEC)

o
0 2 4 6

FREQUENCY (MHz]

c,, = 160.7 GPa

CM = 20.83 GPa

C,2 = 7.45 GPa

Cm = 7.63 GPa

ccj~ = 8.02 GPa

P = 1.578 gicmz

El, = 156.8 GPa

E22 = 17.90 GPa

G12 = 8.02 GPa

V12 = 0.262

1.)23  = 0.356
.

I I
o ’ J

o 2 4 6
FREQUENCY (MHz)

OVERALL IN-PLANE

PROPERTIES OF LAMINATE

<E> = 61.97 GPa

<V> = 0.247

INTERFACE PROPERTIES

h =15pm

P = 1.2 gmlcc

a = 2.1 km/s

D = 0.95 km/see

00 EXPERIMENTAL DATA

THEORETICAL DATA
~~P...
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S E N S O R S  T E C H N O L O G Y



GENERAL REQUIREMENTS

* DIMENSION, STRAIN, AND GEOMETRICAL VARIATION AND RATE OF
CHANGE

* RESIDUAL STRESSES

* DETECTION OF DISCONTINUITIES (IMPACT, DELAMINATION, CRACKS,
ETC.)

* MATERIAL PROPERTIES DETERMINATION

* REAL-TIME CHARACTERIZATION DURING CURE, AND SERVICE
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TYPICAL RESPONSE OF CURE MONITORED
UNIDIRECTIONAL GRAPHITE/EPOXY LAMINATE

7.0

6.8

6.5

6.3
THICKNESS

(mm) 6.1

5.9

5.7

5.5

5.3

5.0

4.8

UNIT GAP GRADlENT TEMP TIME THICKNESS
No. (mm) ( mm/SEC) (°F) (MIN) (mm) -

1 2.51 1.17 E-5 351.5 45.0 5.17
2 2.32 0.79 E-5 357.4 45.0 4.;85
3 3.01 -0.13 E-5 361.6 45.0 4.34 –
4 1.58 0.00 E-5 352.2 45.0 5.10

TEMPERATURE

-  300°F

TEMPORAL
GRADlENT –

- 200°F —

—

THICKNESS –

)UTGASSING RESIN FLOW

3.6

2.7
1.9

1.1

0.3
(xl

-0.5

-1.3

-2.1

-2.9

-3.8

-4.6

0 4.5  9 .0  13.5  18.0  22.5  27.0  31.5  36.0  40.5  45.0
TIME (MIN)

RATE OF
CHANGE
0 -3 mm/SEC)

,.- .,... . . . . . . .
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TECHNOLOGY TREND

* MATERIALS ARE INCREASINGLY COMPLEX
ETC.)

(ANISOTROPIC, HYBRID,

* COMBINING INPUTS FROM SEVERAL NDE METHODS PROVIDE DETAILED
AND RELIABLE ANSWERS

* DEFECTS CHARACTERIZATION AND PROPERTIES DETERMINATION USING
QUANTITATIVE NDE AND AI

* IMBEDDED/ATTACHED  SENSORS ARE MAKING A SIGNIFICANT IMPACT
ON IN-PROCESS AND IN-SERVICE MONITORING


